SUMMARY
As the central pacemaker in mammals, the circadian clock in the suprachiasmatic nucleus (SCN) of the hypothalamus is a heterogeneous structure consisting of multiple types of GABAergic neurons with distinct chemical identities [1, 2] . Although individual cells have a cellular clock driven by autoregulatory transcriptional/translational feedback loops of clock genes, interneuronal communication among SCN clock neurons is likely essential for the SCN to generate a highly robust, coherent circadian rhythm [1] . However, neuronal mechanisms that determine circadian period length remain unclear. The SCN is composed of two subdivisions: a ventral core region containing vasoactive intestinal peptide (VIP)-producing neurons and a dorsal shell region characterized by arginine vasopressin (AVP)-producing neurons. Here we examined whether AVP neurons act as pacemaker cells that regulate the circadian period of behavior rhythm in mice. The deletion of casein kinase 1 delta (CK1d) specific to AVP neurons, which was expected to lengthen the period of cellular clocks [3] [4] [5] [6] , lengthened the free-running period of circadian behavior as well. Conversely, the overexpression of CK1d specific to SCN AVP neurons shortened the free-running period. PER2::LUC imaging in slices confirmed that cellular circadian periods of the SCN shell were lengthened in mice without CK1d in AVP neurons. Thus, AVP neurons may be an essential component of circadian pacemaker cells in the SCN. Remarkably, the alteration of the shell-core phase relationship in the SCN of these mice did not impair the generation per se of circadian behavior rhythm, thereby underscoring the robustness of the SCN network.
RESULTS

CK1d
Deficiency in AVP Neurons Lengthens, while Its Overexpression Shortens, the Free-Running Period of Circadian Behavior Rhythm To test whether arginine vasopressin (AVP) neurons actively work as pacemaker cells to regulate the circadian period in mice, we assessed whether genetic manipulations of CK1d expressions in AVP neurons alter the period of behavior rhythm. In doing so, we acknowledged that the phosphorylation of PER proteins by CK1d might enhance those proteins' degradation and, consequently, accelerate the speed of cellular clocks [7] [8] [9] [10] [11] [12] [13] . Indeed, the deletion of CK1d has been reported to lengthen periods of PER2::LUC oscillation by 1.5-3 hr [3] [4] [5] [6] .
To generate mice lacking functional CK1d specifically in AVP neurons, we crossed Avp-Cre mice [14] and Avp-Cre;CK1d +/flox2 mice) (Figure 1 ; Tables S1 and S2) . (Figures 1 and S1 ; Table S2 ). The depression of activity level in Avp-CK1d À/À + AAV-DIO-CK1d mice was likely due to the AAV injections, because the same was observed in control mice for the surgery (Avp-CK1d À/À + AAV-DIO-mCherry mice, Table S2 ).
Collectively, the manipulation of CK1d expression levels in AVP neurons of the SCN bidirectionally changed the free-running period of behavior rhythm.
Avp-CK1d
-/-Mice Respond to an Eight-Hour Phase Advance of the LD Cycle by Delaying Their Behavior Rhythm When the 8-hr phase advance of LD cycle was given, in clear contrast to control mice (eight of eight mice), the Avp-CK1d À/À mice reentrained to the new LD cycle by delaying their activity rhythm (seven of seven mice) ( Figure S2A ). The number of days required for reentrainment was significantly fewer in AvpCK1d À/À mice when the LD cycle was advanced, but not when it was delayed (phase advance: 8.25 ± 0.41 days versus 11.75 ± 0.90 days, p < 0.01; phase delay: 5.71 ± 0.47 days versus 5.62 ± 0.32 days, p = 0.876) ( Figure S2B ). This result was consistent with the lengthened circadian period of AvpCK1d À/À [15, 16] .
The phase shifts of activity rhythms evoked by light pulses at circadian time (CT) 14 and CT22 were comparable between control and Avp-CK1d À/À mice ( Figures S2H and S2I ).
Spatiotemporal Pattern of Gene Expression Changes in the SCN of Avp-CK1d -/-Mice
We next evaluated the status of the molecular clock in the SCN by way of in situ hybridization ( Figure 2 ). In the SCN of control mice, as expected, Avp mRNA was expressed predominantly in the shell and showed clear circadian expression, with a peak at $20 hr in darkness (i.e., around CT8). The peak level of Avp mRNA expression in Avp-CK1d À/À mice was similar to that in control mice. However, the increase in expression was significantly delayed in Avp-CK1d À/À mice. The peak level of Per1 mRNA expression, which is a core component of circadian clocks, was also similar between two groups in both the SCN shell and core. Intriguingly, the increase of Per1 expression in the shell was significantly delayed relative to that of the core in Avp-CK1d À/À mice. The clearest difference occurred at 16 hr in darkness (i.e., around CT4) ( Figure 2B ). Thus, the CK1d deletion specific to AVP neurons might reorder the Table S3 ). Contrary to our expectations, the SCN shell and core of Avp-CK1d
;Per2::Luc mice transiently showed different cellular periods ex vivo ( Figures 3A  and 3C ). The period of the shell was longer by $2 hr at the beginning (shell: 25.91 ± 0.50 hr versus core: 23.73 ± 0.07 hr, p < 0.001) ( Figure 3C ; Table S3 ). However, this lengthening did not continue into the next cycle (shell: 23.65 ± 0.33 hr versus core: 23.98 ± 0.06 hr, p = 0.343). Accordingly, the peak time of PER2:: LUC oscillation in the shell was later relative to that of the core at the first peak in Avp-CK1d À/À ;Per2::Luc mice ( Figures 3A and  3D ). This delay increased at the second peak, but it did not increase any further in subsequent cycles. The peak amplitude of PER2::LUC oscillation was significantly lower and decayed more rapidly in the SCN shell of Avp-CK1d Table S3 ). These data suggest that intercellular communications between the shell and core somehow pre- cluded the lengthening of the shell's period in the prolonged culture.
We expected that blocking intercellular communications by the application of tetrodotoxin (TTX), a blocker of voltagedependent sodium channels, would allow the core and shell regions to each express their endogenous period lengths ex vivo [18, 19] . Surprisingly, however, the transient period difference, followed by period length synchronization, persisted despite the application of TTX in the SCN slices of Avp-CK1d Table S3 ).
By extension, we aimed to reduce intercellular communications between the core and shell by surgically cutting the SCN slice along the horizontal plane ( Figures 3B, S3C , and S3D; Table S3 ). In slices with knife cuts, the lengthened period of the SCN shell in Avp-CK1d À/À mice was maintained for a longer duration ( Figure 3F ; Table S3 ). Accordingly, the peak time difference of PER2::LUC oscillation between the shell and core increased lineally for three cycles ( Figure 3G ). This result suggested that the core sent a signal that modulated the shell in the SCN slices, which was attenuated by surgical cuts between the regions. Such data indicate that the periods of cellular clocks in the SCN shell were lengthened in Avp-CK1d À/À mice by 1.4-2 hr.
To increase the resolution of circadian rhythm analysis, we applied a cosine curve-fitting method on PER2::LUC oscillations in individual pixels that covered the SCN (Figures 4 and S4E-S4G ; Table S4 ) [20] . The periods of pixels in the shell were lengthened in Avp-CK1d À/À mice, which was more obvious in slices with surgical cuts (Figures 4A, 4C , and S4E). In control mice, we observed phase-leading cells (i.e., pixels) located dorsomedially [19] , whose first acrophase (peak phase) was advanced relative to other pixels. However, such phase-leading cells were not clearly found in Avp-CK1d À/À mice. Raster plots of signal intensity across the SCN further demonstrated that dorsomedial pixels were phase-advanced in control mice, whereas those in Avp-CK1d À/À mice were obviously phase-delayed relative to the pixels in the core ( Figures 4B, 4D , and S4F). The phase delay continued to increase in slices with surgical cuts, yet not in intact or TTX-treated slices, as observed in region of interest (ROI) analyses described above (Figures 3 and S4 ). These data suggest that the spatiotemporal pattern of PER2::LUC oscillation throughout the SCN was altered in Avp-CK1d À/À mice, a conclusion consistent with the results of gene expression in vivo elucidated by in situ hybridization (Figure 2 ). The mean period of individual pixel oscillations was significantly lengthened by 2-2.5 hr in the shell of Avp-CK1d À/À mice ( Figures 4E, 4F , and S4G; Table S4 ). Interestingly, when the cu- Table S3. mulative frequency of the pixel periods was plotted, we found a peak of pixels with normal periods in slices with surgical cuts, which was smoothed in intact and TTX-treated slices ( Figures 4E, 4F , and S4G). This peak might represent non-AVP neurons and a small number of AVP neurons that sustain an undeleted CK1d allele. This observation further supported a notion that the intercellular interaction modified the cellular periods of the shell. The mean first acrophase of the individual pixel oscillations was delayed in the shell by 2-3 hr compared to that of the core ( Figures  4E, 4F , and S4G; Table S4 ). It should be noted that TTX application indeed altered some aspects of the SCN network property, such as the first acrophase of pixels in the core of both control and Avp-CK1d À/À mice ( Figure S4G ).
Collectively, these data suggest that periods of cellular clocks in the SCN shell were lengthened in Avp-CK1d Table S4 .
DISCUSSION
We recently demonstrated that mice with a Bmal1 deletion specific to AVP neurons (Avp-Bmal1 À/À mice) showed marked lengthening and instability in the free-running period and activity time of behavior rhythm [14] . This result suggested that cellular clocks in AVP neurons are required for the appropriate, stable expression of the circadian period by enhancing the coupling of SCN neurons. However, the relative contribution of the loss of synchronizing signals versus the loss of rhythmicity in AVP neurons was inseparable. By extension, the present study provides clear evidence that AVP neurons indeed regulate SCN pacemaking. It is unlikely that the AVP peptide solely mediates this effect, because a deficiency of AVP signaling does not change the free-running period in mice or rats [21, 22] . Interestingly, the alteration of the shell-core phase relationship did not impair the generation per se of behavioral circadian rhythm, thereby indicating the robustness of the SCN network. It should be emphasized that the circadian phenotype of Avp-Bmal1
mice was not identical to that of Avp-CK1d À/À mice, making it unlikely that CK1d deletion disrupted the cellular clock beyond simply altering the period. Wild-type4Clock D19/D19 mutant chimera mice in which random subsets of wild-type SCN cells were replaced with Clock D19/D19 cells demonstrated a number of intermediate circadian phenotypes [23] . Notably, their circadian period and amplitude were highly labile, which contrasted those of Avp-CK1d À/À mice. Such a qualitative difference may indicate a specialized role for AVP neurons in SCN pacemaking.
Lee et al. [24] employed an approach similar to ours. They demonstrated that the free-running period of behavior was extended by lengthening the cellular period of neuromedin S (NMS)-producing neurons by way of the overexpression of Clock D19 [24] . NMS neurons represent a heterogenous population with AVP and vasoactive intestinal peptide (VIP) neurons, among other neuronal types [24] . Surprisingly, overexpression of the Clock D19 transgene in VIP neurons had no effect on the behavioral free-running period [24] . Indeed, VIP has been demonstrated to be especially important for the maintenance and synchronization of cellular clocks in individual SCN neurons [25] [26] [27] [28] .
More recently, Smyllie et al. [18] created chimeric mice with SCN containing dopamine 1a receptor (Drd1a) cells with an intrinsic cellular period of 24 hr alongside non-Drd1a cells with a period of 20 hr. Remarkably, 60% of chimeric mice showed 24-hr periods of behavior and SCN PER2::LUC rhythms, whereas 33% showed 20-hr periods. Moreover, the chimeric SCN sustained a wave of PER2::LUC bioluminescence comparable to that of nonchimeric SCN. These characteristics contrast starkly with those of Avp-CK1d À/À mice.
Drd1a cells contain 63% of all SCN cells, including 62% of AVP neurons and 81% of VIP neurons, though <1% of gastrin-releasing peptide (GRP) neurons [18] . Therefore, the slight difference in the ratio of 24-hr AVP neurons to 20-hr AVP neurons could exert a substantial impact on the period with which the chimeric SCN oscillates. However, our results suggest that AVP neurons alone cannot set the normal spatiotemporal order of circadian oscillation across the entire SCN. Accordingly, AVP neurons might need to work in concert with other types of neurons to reorganize the entire SCN network. In contrast to AVP neurons, as Lee et al. [24] and Smyllie et al. [18] both indicated, genetic manipulations that lengthen the cellular period in most VIP neurons do not change the speed of the SCN. Cellular clocks in VIP neurons and other types of non-AVP neurons might stabilize the circadian oscillation of the entire SCN, which could support the robustness of the network. PER2::LUC imaging suggested that cells in the SCN shell oscillated with periods of roughly 26 hr, whereas those in the core oscillated with periods of roughly 24 hr in Avp-CK1d À/À mice. However, the intrinsic period of the cellular clocks in AVP neurons measured in this study might be imprecise. Although AVP neurons represented the SCN shell, it also contained non-AVP neurons. Intercellular communications could have further affected the period of AVP neurons. Nevertheless, the roughly 2-hr difference of periods between shell and core oscillations concurs with values reported for CK1d-deficient cells [3] [4] [5] [6] . Unfortunately, we have no information concerning the behavioral free-running period of CK1d À/À mice, which died perinatally [3] .
The behavioral free-running period of Avp-CK1d À/À mice was $25 hr or between cellular periods of the SCN shell and core estimated from PER2::LUC imaging. Thus, coupling between AVP neurons and non-AVP neurons is likely to occur in vivo in determining the free-running period.
In this context, it is notable that surgical cuts between the shell and core stabilized the lengthened period of the shell in SCN explants of Avp-CK1d À/À mice, which implied a modulatory influence of the core on the period of the shell (Figures 3  and 4) . Collectively, the core and shell may be held together in vivo by coupling, which is slightly less effective ex vivo, and thereby allow the core and shell to oscillate independently. During prolonged culture, the core and shell might settle into a new steady state with a stable period and phase relationship by way of intercellular communications. The emergence of a novel steady state of circadian oscillation in prolonged culture also was reported, even for the SCN of Bmal1-deficient mice [29] . Consequently, the intact structure of the SCN or its connections with extra-SCN regions, if not both, might be indispensable for such coupling in vivo, as our previous study implied [14] . The oscillation in the shell of Avp-CK1d À/À mice was dampened rapidly ex vivo (Figures 3, 4E , and S4), whereas in vivo it did not show a reduction in its amplitude (Figure 2 ). This fact may suggest that the core-to-shell connection might be resistant while the shell-to-core connection might be more susceptible to slicing. Surprisingly, TTX application did not erase the core's modulatory influence on the PER2::LUC period of the shell, for TTX is thought to disrupt interneuronal communication [18, 19] . In fact, TTX application altered some aspects of PER2::LUC oscillations ( Figure S4 ). We used SCN explants prepared from adult mice. Compared to SCN explant cultures from neonates [18, 19] , SCN cultures from adults have shown gene expression with a far less drastic effect of TTX treatment [30] . Differences in the network properties of neonatal and adult SCN also have been reported [31] . Therefore, both sodium spike-dependent and -independent mechanisms of interneuronal communication are possible in the SCN of adult mice [32] .
EXPERIMENTAL PROCEDURES Animals
To generate Avp-CK1d
À/À mice, Avp-Cre mice [14] were mated to mice with a conditional CK1d allele (CK1d flox2 ) [3] . All experimental procedures involving animals were approved by the appropriate institutional animal care and use committee of Kanazawa University. 
Behavioral Analyses
Bioluminescence Imaging
The Avp-CK1d1 À/À mice were further mated with Per2::Luc reporter mice [17] .
Mice were housed in DD for 6 days before sampling. Coronal SCN slices of 150 mm were cultured as described previously with slight modifications [33] . Images were acquired every 30 min and were analyzed using ImageJ and a custom-made program [20] . 
SUPPLEMENTAL INFORMATION
